In two patient populations, the MLH1 -93G>A polymorphism was associated with an increased risk of MSI-H colorectal cancer. genomic instability. Although as many as 30% of all patients with colorectal cancer have a family history of the disease, only a few of these colorectal cancers are caused by mutations in known susceptibility genes, such as a mismatch repair gene or APC, so that many colorectal cancers appear to be sporadic ( 8 ). Some of this familial risk may be attributed to high-penetrance mutations in genes that have not yet been identified, and some may result from common variant alleles with low to moderate penetrance of key candidate genes already associated with colorectal cancer ( 9 , 10 ).
Colorectal cancer is the second leading cause of cancer-related deaths in North America, affecting approximately one in 20 persons in the general population ( 1 , 2 ) . Most colorectal cancers progress through mechanisms that involve two distinct molecular pathwaysthe suppressor pathway, which is characterized by frequent mutations in oncogenes (e.g., KRAS) and tumor suppressor genes (e.g., APC, DCC, TP53), and the mutator pathway, which is characterized by defects in DNA mismatch repair genes (e.g., MLH1, MSH2, MSH6, and PMS2) ( 3 -5 ) . Germline mutations in mismatch repair genes are responsible for Lynch syndrome, or hereditary nonpolyposis colorectal cancer (HNPCC), a colorectal cancer susceptibility syndrome that accounts for 2% -3% of all colorectal cancers ( 6 , 7 ) . The loss of normal mismatch repair function leads to a mutator phenotype that is characterized by alterations in the length of microsatellite sequences and results in 
Background
Although up to 30% of patients with colorectal cancer have a positive family history of colorectal neoplasia, few colorectal cancers can be explained by mutations in high-penetrance genes. We investigated whether polymorphisms in DNA mismatch repair genes are associated with the risk of colorectal cancer.
Methods
We genotyped 929 case patients and 1098 control subjects from Ontario and 430 case patients and 275 control subjects from Newfoundland and Labrador for five polymorphisms in the mismatch repair genes MLH1 and MSH2 with the fluorogenic 5 ′ nuclease assay. Tumor microsatellite instability (MSI) was determined with a polymerase chain reaction -based method; MSI status was assigned as high (MSI-H, ≥ 30% unstable markers among all markers tested), low (MSI-L, <30% markers unstable ), or stable (MSS, no unstable markers). We used unconditional logistic regression to evaluate the association between each polymorphism and colorectal cancer after adjusting for age and sex. The associations between polymorphisms and tumor clinicopathologic features were evaluated with a Pearson's chi-square or Fisher's exact test. All statistical tests were two-sided.
Results
We observed strong associations between the MLH1 -93G>A polymorphism and MSI-H tumors among case patients from Ontario ( P = .001) and Newfoundland ( P = .003). When compared with the control populations, homozygosity for the MLH1 -93G>A variant allele was associated with MSI-H tumors among case patients in Ontario (adjusted odds ratio [OR] = 3.23, 95% confidence interval [CI] = 1.65 to 6.30) and in Newfoundland (OR = 8.88, 95% CI = 2.33 to 33.9), as was heterozygosity among case patients in Ontario (OR = 1.84, 95% CI = 1.20 to 2.83) and in Newfoundland (OR = 2.56, 95% CI = 1.14 to 5.75). Genotype frequencies were similar among case patients with MSS and MSI-L tumors and control subjects, and the majority of homozygous variant carriers had MSS tumors. Among case patients from Ontario, an association between the MLH1 -93G>A polymorphism and a strong family history of colorectal cancer (for Amsterdam criteria I and II, P = .004 and P = .02, respectively) was observed.
genomic instability. Although as many as 30% of all patients with colorectal cancer have a family history of the disease, only a few of these colorectal cancers are caused by mutations in known susceptibility genes, such as a mismatch repair gene or APC, so that many colorectal cancers appear to be sporadic ( 8 ) . Some of this familial risk may be attributed to high-penetrance mutations in genes that have not yet been identified, and some may result from common variant alleles with low to moderate penetrance of key candidate genes already associated with colorectal cancer ( 9 , 10 ) .
MLH1 and MSH2 are the key components of the mismatch repair system, which participates in the recognition of nucleotide mismatches occurring during DNA replication and in the recruitment of additional mismatch repair proteins to the site to correct the replication error ( 4 -6 ) . In addition to germline mutations that have been identifi ed in the MLH1 and MSH2 genes, numerous polymorphisms have also been identifi ed; however, their functional contributions are currently unknown. Five single-nucleotide polymorphisms (SNPs) are of particular interest because of their prevalence and potential to affect mismatch repair functions. These SNPs are located in the MLH1 gene (i.e., -93G>A promoter SNP, I219V coding SNP, and intronic IVS14-19A>G SNP located 19 nucleotides upstream from the exon 15 splice acceptor site) and in the MSH2 gene (i.e., G322D coding SNP and intronic IVS12-6T>C SNP located six nucleotides upstream from the exon 13 splice acceptor site). The MLH1 -93G>A polymorphism is located in the core promoter region, 93 nucleotides upstream of the transcription start site in potential transcription factor binding sites ( 11 ) . MLH1 -93G>A has been associated with several cancers, including lung and breast cancers ( 12 , 13 ) , and with increased risks of hyperplastic polyps and colonic adenomas in long-term smokers ( 14 ) . The MLH1 I219V polymorphism, which is located in exon 8 at nucleotide position 655 (with A and G alleles, A>G), was shown in a multilocus analysis with other metabolic SNPs to be associated with an increased risk for childhood acute lymphoblastic leukemia ( 15 ) . A more recent evaluation of SNPs ( 16 ) found a statistically signifi cant association between the I219V homozygous variant (GG) and an increased risk of breast cancer (odds ratio [OR] = 2.90, 95% confi dence interval [CI] = 1.02 to 8.24). Hutter et al. ( 17 ) showed that the MLH1 I219V polymorphism is linked with another downstream SNP, IVS14-19A>G. In a European HNPCC population, the IVS14-19 variant G allele is overrepresented on chromosomes bearing a germline MLH1 mutation, and there was a strong association of the variant G allele and MLH1 substitution and deletion mutations ( 18 ) .
The G322D polymorphism is located in the coding region of the MSH2 gene, in exon 6, at nucleotide position 965, with G and A alleles (G>A). G322D is a rare polymorphism compared with the other four polymorphisms ( 19 -21 ) . Functional studies of its yeast homologue, G317D, indicate that this alteration results in a modest decrease in mismatch repair effi ciency ( 22 , 23 ) . However, segregation studies in confi rmed HNPCC or HNPCC-like families have provided no consistent evidence of its association with colorectal cancer among affected family members ( 21 ) . The MSH2 IVS12-6T>C polymorphism is located six nucleotides upstream of the exon 13 splice acceptor site. An association between this intronic SNP and non-Hodgkin lymphoma has been observed; the C allele occurred at a frequency of 11.4% in cancer patients and 5.0% in the normal control subjects ( 24 , 25 ) . The MSH2 IVS12-6T>C polymorphism may also be associated with a predisposition to cancer in patients with ulcerative colitis; the risk of developing colorectal cancer was three times higher for patients with ulcerative colitis who carried the variant C allele than for those who carried the wild-type T allele ( 26 ) .
In this case -control study of two populations, one in Ontario and the other in Newfoundland and Labrador, we investigated whether any of these fi ve polymorphisms in mismatch repair genes constitute low-penetrance alleles and contribute to colorectal cancer susceptibility by evaluating the association between each SNP and colorectal cancer risk. Because low-penetrance alleles in candidate genes may not only be associated with cancer incidence but may also infl uence cancer phenotype and prognosis, we also evaluated their association with clinical and pathologic tumor characteristics among case patients and control subjects.
Materials and Methods

Single-Nucleotide Polymorphism Selection Criteria
The five polymorphisms analyzed in this study were selected on the basis of extensive database and literature searches. The databases that we surveyed included the following: Ensembl ( http://www. ebi.ac.uk/ensembl/ ), Human Gene Mutation Database ( http://www. hgmd.cf.ac.uk/ac/index.php ), Human Genome Variation Database ( http://hgvbase.cgb.ki.se/ ), International Society for Gastrointestinal Hereditary Tumors ( http://www.insight-group.org/ ), National Center for Biotechnology Information SNP Database ( http://www. ncbi.nlm.nih.gov/SNP/ ), and Swiss-Prot ( http://www.ebi.ac.uk/ swissprot/ ). We selected validated SNPs with a minor allele frequency of greater than 1% that had multiple independent submissions to the SNP databases and/or multiple citations in the literature, that were confirmed by frequency or genotype data in which all alleles had been observed in at least two chromosomes, and that were located in putative functional domains and regulatory regions.
Study Subjects
We conducted this case -control study with subjects from two different populations -those from the province of Ontario, and those from the province of Newfoundland and Labrador (hereafter referred to as Newfoundland). Case patients accrued from the Ontario and Newfoundland populations were stratified by family risk according to Amsterdam criteria I and II ( 27 , 28 ) . The Amsterdam I criteria include case patients with at least three family members who have been diagnosed with colorectal cancer in two successive generations, with one affected family member being a first-degree relative of the other two, and with at least one of the three being younger than age 50 years at diagnosis ( 27 ) . The Amsterdam II criteria include the Amsterdam I criteria but are less stringent because they take into account HNPCC-associated tumors, such as those arising in the endometrium, small bowel, ureter, or renal pelvis ( 28 ) . Additionally, case patients were also stratified by family risk as described by Cotterchio et al. ( 29 ) . Briefly, case patients were classified as having a high familial risk if they met Amsterdam I criteria ( 27 ) and did not have familial adenomatous polyposis. Case patients were classified as having intermediate familial or other pathologic risk if they met any of the following criteria: case patient had two relatives with any of the HNPCCassociated tumors, with one affected family member being a firstdegree relative of at least one of the other two; case patient had a family member with HNPCC diagnosed at age 35 years or younger; case patient was younger than age 50 years and had one first or second-degree relative diagnosed with colorectal cancer under the age of 50; case patient was age 35 years or younger irrespective of family history; case patient had multiple primary colorectal tumors; case patient had other primary HNPCC-associated tumors; or case patient had one of the following -multiple polyps, Peutz -Jeghers disease, hamartomatous polyp, juvenile polyp, inflammatory bowel disease, or any unusual colorectal cancer histologies (such as carcinosarcoma, adenosquamous, spindle cell, metaplastic, choriocarcinoma, signet ring, undifferentiated, trophoblastic differentiation, small-cell neuroendocrine carcinoma ); or case patient was of Ashkenazi Jewish ancestry. All other case patients were classified as having a low or sporadic risk.
Case patients and control subjects from the Ontario population were obtained from the Ontario Familial Colorectal Cancer Registry, which is part of a U.S. National Cancer Institute (NCI) -supported consortium, the Colon Cancer Family Registry ( http:// epi.grants.cancer.gov/CFR/ ). Living residents of Ontario with pathology-confi rmed colorectal cancer, aged 20 -74 years, and diagnosed between July 1, 1997, and June 30, 2000, were identifi ed and recruited for the Ontario Familial Colorectal Cancer Registry from the population-based Ontario Cancer Registry, as described by Cotterchio et al. ( 29 ) . Family history information was collected by a mailed questionnaire and was used to construct pedigrees that would be used to classify the patient by his or her family risk. A total of 3776 patients with colorectal cancer were identifi ed in Ontario; after we obtained their physicians' approval, the patients were asked to complete and return the family history questionnaire. The familial risk for each patient was determined by use of the Amsterdam criteria ( 27 , 28 ) and other risk criteria described above (i.e., high, intermediate or other family risk, and low or sporadic risk) ( 29 ) . Among the 3776 case patients contacted, 1593 were willing and able to participate in the registry. Of the 1593 case patients, 1103 had a blood sample available, from whom we identifi ed 1004 case patients for this study by restricting inclusion to those with an adequate blood sample available and with colorectal cancer indicated as the primary tumor site. Because the majority of case patients and control subjects with specifi ed ethnicity in Ontario (92.5% and 86.9%, respectively) and in Newfoundland (98.6% and 96.8%, respectively) are of white European or Caucasian ethnicity, we decided to exclude from the analyses those who were non-white and those who did not report ethnicity to minimize the potential for population stratifi cation. Of 1004 case patients in Ontario, 929 were white and were successfully genotyped for all fi ve SNPs, and thus, they constitute the case patients from Ontario. All information was collected from three mailed questionnaires (family, personal, and diet questionnaires) and phone and in-person interviews, as well as blood and tissue specimens that were obtained after informed written consent was provided to participate in the Ontario Familial Colorectal Cancer Registry, as described in protocols approved by the research ethics boards of Mount Sinai Hospital and the University of Toronto. No case patients with familial adenomatous polyposis were included in the registry.
In Ontario, population control subjects who had not been diagnosed with colorectal cancer were accrued by randomly selected residential telephone numbers during the years 1999 and 2000, and for the years 2002 and 2003 by use of population-based Tax Assessment Rolls of the provincial government ( 29 , 30 ) . The Ministry of Finance Property Assessment Database (year 2000) was used to identify age-(5-year groups) and sex-matched controls, and thus, control subjects were frequency matched to case patients by sex and 5-year age group. Permission to use this fi le for recruiting control subjects was granted to an investigator in this study (J. R. McLaughlin, a coinvestigator with the Ontario Familial Colorectal Cancer Registry). The subjects were sent a letter of invitation with a reply form to assess eligibility (no colorectal cancer and age-and sex-matched to case patients). Nonresponders received a follow-up telephone call. Another letter was sent if they did not respond within 7 weeks. A total of 2736 control subjects from Ontario agreed to participate in the study, with 1957 completing all three questionnaires (family, personal, and diet questionnaires). Of the 1957, 1314 control subjects provided blood samples, and 1098 of them were white. These 1098 control subjects were successfully genotyped for all fi ve SNPs and thus constituted the control subjects from Ontario in this study. The remaining case patients and control subjects did not complete one or more questionnaires, did not have an adequate blood sample, or were not white.
The accrual pattern followed by the Newfoundland Familial Colorectal Cancer Registry was similar to that followed by the Ontario Familial Colorectal Cancer Registry. Case patients with colorectal cancer who were younger than age 75 years and diagnosed between January 1, 1999, and December 31, 2003, were identifi ed through the Newfoundland tumor registry. No additional sampling was done in Newfoundland. We identifi ed 1175 case patients with colorectal cancer and obtained consent from physicians to contact 1144 of them. Of the 1144 patients, 747 responded to the family history questionnaire, and of those, 555 provided blood samples. We were able to obtain 504 case patients from the Newfoundland Familial Colorectal Cancer Registry, of whom 430 provided ethnicity information and were classifi ed as white. The recruitment of population control subjects who had not been diagnosed with colorectal cancer in Newfoundland was accomplished through random digit dialing, and the control subjects were again matched to case patients by sex and 5-year age group. We identifi ed 1602 control subjects from Newfoundland who agreed to participate in the study, of whom 703 completed all three questionnaires. Of the 703, 530 control subjects provided blood samples. The remaining case patients and control subjects did not complete one or more questionnaires, did not have an adequate blood sample, or were not white. Because the accrual of the Newfoundland population control subjects is being performed on an ongoing basis, at the time of this analysis, the 275 white control subjects who had provided an adequate blood sample and completed all three questionnaires were included in this study.
The mean age for control subjects from both provinces was calculated from the date of completion of the family history questionnaire, and that for case patients was calculated from the age at diagnosis. Case patients accrued from the Ontario and Newfoundland populations were stratifi ed according to Amsterdam criteria I and II ( 27 , 28 ) as described above. We collected data on tumor microsatellite instability (MSI) status, tumor location, tumor stage, and tumor grade, when available, through review of pathologic and/or surgical reports. Tumors were staged and graded according to the methodology of the American Joint Committee on Cancer ( 31 ).
Molecular Genetic Analysis
Single-nucleotide polymorphism genotyping with the fluorogenic 5 ' nuclease assay. Peripheral blood lymphocytes were isolated from whole blood by use of Ficoll -Paque gradient centrifugation according to the manufacturer's protocol (Amersham Biosciences, Baie d'Urfé, Quebec, Canada). Phenol -chloroform or the Qiagen DNA extraction kit (Qiagen Inc, Montgomery County, Maryland) was used to extract genomic DNA from lymphocytes. The fluorogenic 5 ′ nuclease polymerase chain reaction (PCR) assay or the TaqMan assay ( 32 ) was used to genotype each of the following five SNPs: MLH1 -93G>A, I219V, IVS14-19A>G, G322D, and IVS12-6T>C. Primers and probes were designed with Primer Express version 2.0 software (Applied Biosystems, Foster City, CA). Primers were tested for successful PCR amplification of the 119 (G322D), 80 (I219V), 70 (MLH1 -93G>A), 85 (IVS14-19A>G), and 105 (IVS12-6T>C) base-pair products on the basis of the visualization of a robust amplicon product on an agarose gel ( 33 , 34 ) . Sequences of primers and probes are listed in Supplementary Table 1 (available online). The master reaction mixtures for the polymorphisms G322D, I219V, and MLH1 -93G>A were prepared with reagents in the TaqMan 1000 Rxn PCR Core Reagents kit (Applied Biosystems). For G322D, the master reaction mixture contained (final concentrations): 200 µ M dATP, 200 µ M dCTP, 200 µ M dGTP, 400 µ M dUTP, 2.5 mM MgCl 2 , 300 nM forward primer, 300 nM reverse primer, 100 nM wild-type FAM-labeled probe, 350 nM variant VIC-labeled probe, AmpErase uracil-N -glycosylase (0.01 U/ µ L; Applied Biosystems), and AmpliTaq Gold DNA polymerase (0.025 U/ µ L; Applied Biosystems). The PCR conditions for G322D were as follows: 2 minutes at 50 °C, 10 minutes at 95 °C (AmpliTaq Gold activation), 15 seconds at 92 °C (DNA denaturation), and 1 minute at 58.5 °C (primer -probe annealing and primer extension). The denaturation -annealing -extension sequence (15 seconds at 92 °C and 1 minute at 58.5 °C) was repeated for 39 cycles. For the I219V polymorphism, all components of the master reaction mixture were used in the final concentrations that were used for G322D, except for the following modifications: 3.0 mM MgCl 2 , 75 nM FAM-labeled probe, and 150 nM variant TETlabeled probe. The PCR conditions for I219V were also similar to those used for G322D, except that the annealing temperature for I219V was 57 °C for 1 minute. The G322D and I219V SNP assays used 49 µ L of the master reaction mixture and 1 µ L of DNA template (at 2 -7.5 ng/ µ L).
For the MLH1 93G>A polymorphism, the master reaction mixture contained (fi nal concentrations): 96 µ M dATP, 96 µ M dCTP, 96 µ M cGTP, 96 µ M dUTP, 3.5 mM MgCl 2 , 300 nM forward primer, 300 nM reverse primer, 15 nM wild-type FAM-labeled probe, 100 nM variant TET-labeled probe, and AmpliTaq Gold DNA polymerase (0.025 U/ µ L). The conditions used were identical to those used for G322D, except the annealing temperature was 62 °C. The MLH1 93G>A SNP assay used 29 µ L of the master reaction mixture and 1 µ L of DNA template (at 2 -7.5 ng/ µ L).
The MLH1 IVS14-19A>G and MSH2 IVS12-6T>C polymorphisms were genotyped by use of the Eurogentec qtPCR kit (Eurogentec, San Diego, CA). The master reaction mixture contained (fi nal concentrations): 0.72 mM primers and 0.16 mM probes (both VIC and FAM labeled). Assays for both of these polymorphisms used the conditions described for G322D. The IVS14-19A>G and IVS12-6T>C SNP assays used 12.5 µ L of the master reaction mixture and 1 µ L of DNA template (at 2 -7.5 ng/ µ L).
All SNP genotyping assays were conducted in 96-well polypropylene plates (Axygen Scientifi c, Union City, CA), and the results were analyzed with the Applied Biosystems 7900HT Sequence Detection system and the accompanying software -SDS versions 2.0 and/or 2.1 (Applied Biosystems). Independent quality control for genotyping was done on 5% -10% of samples with restriction fragment length polymorphism ( 35 ) and/or sequencing ( 36 , 37 ) .
Tumor microsatellite instability analysis . Tumor microsatellite instability (MSI) analysis was performed as described previously ( 38 ) . Briefly, paraffin-embedded colorectal tumor tissue from case patients with incident cases of colorectal cancer, and also paraffinembedded normal colorectal tissue from the same patients were microdissected in areas with more than 70% cellularity in tumor and normal cell populations. MSI analysis was carried out with five or more microsatellite markers from the panel of 10 microsatellite markers, as recommended by the NCI; these markers consist of the mononucleotides BAT25 , BAT26, BAT40, and BAT34C4; the dinu cleotides D2S123, D5S346, ACTC, D18S55, and D10S197; and one penta-mono-tetra compound marker, MYC-L ( 39 ). MSI was indicated by the presence of altered or additional bands of the PCR-amplified product from the tumor tissue, compared with the bands from matched normal colon tissue. MSI status was assigned as MSI high (MSI-H, ≥ 30% unstable markers among all markers tested), MSI low (MSI-L, <30% markers unstable), or microsatellite stable (MSS, no unstable markers) as described by the NCI-recommended guidelines for MSI testing ( 39 ) . For the analysis, MSI-L and MSS groups were combined into one group (hereafter referred to as "MSS/L") to distinguish them from the MSI-H group, who were mismatch repair-deficient . Primers were obtained from Applied Biosystems, and primer sequences are listed in Supplemental Table 2 (available online) .
PCRs for MSI analysis were prepared with reagents in the Platinum Taq Kit (Invitrogen, Burlington, ON, Canada) and in the Gold Taq Kit (Applied Biosystems). For BAT25 and D5S346, the master mixture contained (fi nal concentrations) 2.0 mM MgCl 2 , all four deoxyribonucleotide triphosphates (each at 0.4 mM), forward primer (2 ng/ µ L), reverse primer (2 ng/ µ L), 2 U of Platinum Taq Polymerase, and 1× PCR buffer. The master reaction mixtures for BAT26, ACTC, and D2S123 were identical to that for BAT25 and D5S346, except that 1 U Gold Taq polymerase was used. The master reaction mixtures for D18S55, BAT40, and MYC-L were also identical to that for BAT25 and D5S346, except that 2.25 mM MgCl 2 was used. The master reaction mixture for BAT34C4 also used 2.25 mM MgCl 2 but with 1 U of Gold Taq polymerase, and the master reaction mixture for D10S197 used 1.0 mM MgCl 2 and 1 U of Gold Taq polymerase. All assays used 20 µ L of the master reaction mixture and 2 µ L of DNA template (at 25 ng/ µ L). The PCR conditions for all microsatellite sequences were as follows: 5 minutes at 94 °C (Taq activation), 30 seconds at 94 °C (DNA denaturation), 30 seconds at 55 °C (primer annealing), and 30 seconds at 72 °C (primer extension). The denaturation -annealing -extension sequence was repeated for 35 cycles, followed by 10 minutes at 72 °C. Upon completion of the PCRs, the products of individual DNA samples were pooled into two groups as follows: group 1 contained 15% of the ACTC, 11.3% D5S346, 23.7% BAT26, 30% D2S123, and 20% BAT25, group 2 contained 10% D18S55, 15% BAT34C4, 20% D10S197, 35% BAT40, and 20% MYC-L. Once the pooled PCR products were mixed by brief vortexing, 1.5 µ L of pooled PCR products was mixed with 8 µ L of Hi-Di formamide (Applied Biosystems) and 0.5 µ L of ROX standard (i.e., a passive reference dye) (Applied Biosystems) and loaded onto 96-well polypropylene plates. All MSI assays were conducted in 96-well polypropylene plates (Axygen Scientifi c), and the results were analyzed with the Applied Biosystems 3130xl DNA Analyzer system and the accompanying software -GeneMapper version 3.7 for Microsatellite Instability (Applied Biosystems).
Statistical Analysis
The associations of the variant alleles with colorectal cancer incidence, age at onset, MSI status, tumor location, tumor grade, tumor stage, and family risk status (Amsterdam criteria I and II) were evaluated with a two-sided Pearson's chi-square or Fisher's exact test, in which a P value of less than .05 was considered to be statistically significant. Unconditional logistic regression was also used to evaluate the association between each SNP and colorectal cancer, after adjusting for age and sex. The Cochran -Armitage Trend Test was performed to examine the trend between MLH1 -93 variant allele carriers (of zero, one, or two copies) and case patients with MSI-H tumors. Chi-square and Fisher's exact tests, the trend test, and logistic regression were performed with SAS version 9.0 (SAS Institute, Cary, NC). All statistical tests were two-
Before the initiation of this study, we had performed power calculations. It was estimated that 600 case patients and 600 control subjects would be made available from the Ontario and Newfoundland registries and that the rarest allele frequency of selected polymorphisms was 5% (rarest carrier frequency of 10%), if we assumed Hardy -Weinberg equilibrium. From 600 case patients and 600 control subjects, we had 80% power to detect an odds ratio of 1.9 [if we assumed a correlation coeffi cient of 0.2 between case patients and control subjects as described by Dupont and Plummer ( 40 )] with a two-sided alpha of 0.01. This more conservative value of alpha was used to reduce the likelihood of a chance positive result among the approximately 20 comparisons that were made in each population.
Results
Populations of Case Patients With Colorectal Cancer and Control Subjects
We genotyped a total of 929 case patients and 1098 control subjects for all five SNPs in Ontario, and a total of 430 case patients and 275 control subjects in Newfoundland. The ages (mean ± standard deviation) at diagnosis for case patients in Ontario and Newfoundland were 59.8 ± 9 years and 60.4 ± 9 years, respectively. The age at diagnosis, family history, and histopathologic feature distributions for all case patients enrolled in this study from both provinces are shown in Table 1 . Overall, no differences were observed in the distribution of characteristics between the case patients from the two provinces. The ages (mean ± standard deviation) of the control subjects from Ontario and Newfoundland were 63.7 ± 9 years and 60.5 ± 9 years, respectively. No differences in age or sex distributions between case patients and control subjects were observed in either province.
Distribution of Genotypes and Alleles
The variant allele frequencies of the selected SNPs in the general populations and in the case patient populations of Ontario and Newfoundland were not known. Whether there were any differences in variant allele frequencies for selected polymorphisms between the general populations of Ontario and Newfoundland was also unknown. The variant allele frequencies for the SNPs examined are shown in Table 2 . All SNPs examined were in Hardy -Weinberg equilibrium among control populations of both provinces. Overall, the variant allele frequencies were similar between case patients and control subjects in both Ontario and Newfoundland. We observed no statistically significant differences in allele frequencies between the general populations (represented by the control subjects) of Ontario and Newfoundland (data not shown).
The distribution of the genotypes for all fi ve SNPs -MLH1 -93G>A, MLH1 I219V, MLH1 IVS14-19G>A, MSH2 G322D, and MSH2 IVS12-6T>C -among control subjects and case patients in Ontario and Newfoundland are shown in Table 3 . We found no differences in genotype frequency distribution between all case patients and all control subjects within each province. When case patients were stratifi ed by MSI status (i.e., MSI-H and Newfoundland populations (for Ontario heterozygotes, OR = 1.84, 95% CI = 1.20 to 2.83; for Ontario homozygotes, OR = 3.23, 95% CI = 1.65 to 6.30; for Newfoundland heterozygotes, OR = 2.56, 95% CI = 1.14 to 5.75; and for Newfoundland homozygotes, OR = 8.88, 95% CI = 2.33 to 33.9). However, genotype frequencies were similar among case patients with MSS/L tumors and control subjects and thus not statistically signifi cant ( Table 4 ) . We also observed a statistically signifi cantly increasing trend for the association between the number of MLH1 -93 variant A alleles carried (zero, one, or two alleles) and MSI-H status in both the Ontario and Newfoundland populations (both P trend <.001) ( Table 4 ) .
Because low-penetrance alleles may not only be associated with cancer incidence but also may infl uence cancer phenotype and prognosis, we examined associations between available clinicopathologic tumor features among case patients and the variant alleles for each of the fi ve SNPs. For the MLH1 polymorphisms I219V and IVS14-19A>G and the MSH2 polymorphism G322D, we found no association between any clinicopathologic characteristic and the variant alleles of these three SNPs in case patients from either Ontario or Newfoundland (Supplementary Tables  3 -10 , available online). In addition, no association was found between clinicopathologic features and the MSH2 IVS12-6T>C polymorphism, except for tumors with MSI status, in which the IVS12-6T>C polymorphism was associated with MSI-H tumors among case patients from Ontario ( P = .04; Supplementary Table 5 , available online) but not with MSI-H tumors among case patients from Newfoundland (Supplementary Table 6 , available online). This association between MSH2 IVS12-6T>C and MSI-H tumors among case patients from Ontario did not remain statistically signifi cant after Bonferroni correction for multiple comparisons was applied.
Analysis of MSI status and the genotype distribution of the MLH1 -93G>A promoter SNP among case patients from Ontario and Newfoundland found strong associations ( P = .001 and P = .003, respectively) between the variant allele and MSI status ( Tables 5 and 6 ) , with a higher proportion of the MLH1 -93G>A variant allele carriers having MSI-H tumors than MSS/L tumors. Both of these results remained statistically significant after Bonferroni correction for multiple comparisons. Analysis of Ontario case patients with a strong family history, * TNM = tumor -node -metastasis; NA = not available; MSI = microsatellite instability; MSI-H = high-frequency microsatellite instability; MSS/L = microsatellite stable or low-frequency microsatellite instability. † Family history criteria are as described previously (27, 28) . ‡ Available only for Ontario. MSS/L) and compared with control subjects ( as defined by Amsterdam I ( 27 ) and/or Amsterdam II criteria ( 28 ) , found a strong, statistically significant association between the MLH1 -93G>A variant A allele and family history of colorectal cancer (for Amsterdam I, P = .004; and for Amsterdam I and II, P = .016) ( Table 5 ). The association of the MLH1 -93G>A polymorphism with disease meeting Amsterdam I crite ria remained statistically significant after Bonferroni correction for multiple comparisons; however, the association of MLH1 -93G>A and disease meeting Amsterdam I and II criteria did not remain statistically significant. No association between the MLH1 -93G>A variant and family history was observed among Newfoundland case patients. However, tumors in Newfoundland case patients who carried the variant allele were more likely to be located in the proximal region of the colon than in the distal region ( P = .04; Table 6 ). This association between MLH1 − 93G>A and tumor location did not remain statistically significant after Bonferroni correction for multiple comparisons. Tumor location, histologic grade, and tumornode -metastasis (TNM) stage of the tumors were not associated with the MLH1 -93G>A variant A allele among the Ontario case patients.
Discussion
This is the first large-scale case -control study, to our knowledge, to examine the allele frequencies of these five polymorphisms * OR = odds ratios adjusted for age and sex; CI = confidence interval; SNP = single-nucleotide polymorphism. † Heterozygous (GA) and homozygous (AA) variants were collapsed because of low variant A allele frequency.
at Pennsylvania State University on February 23, 2013 http://jnci.oxfordjournals.org/ Downloaded from in mismatch repair genes and their association with the incidence of col o rectal cancer in two populations. The MLH1 -93G>A promoter polymorphism appeared to be strongly associated with MSI-H tumors in both populations. The MLH1 -93G>A variant allele, either in the homozygous or heterozygous state, was associated with a higher risk of developing MSI-H tumors than the wild-type allele. The absolute risks of colorectal cancer for heterozygous and homozygous carriers of the variant A allele in Ontario were 7.4% and 6.9%, respectively. For Newfoundland, the absolute risks of colorectal cancer were 13.1% for heterozygous carriers of the variant A allele and 12.6% for homozygous carriers. Thus, the MLH1 -93G>A polymorphism may modify colorectal tumorigenesis. Carriers of the wild-type (G) allele predominantly had MSS/L tumors, and the genotype frequencies among case patients with MSS/L tumors were very similar to those among the control subjects ( Table 4 ) . Among case patients in Ontario, a statistically significant association was found between the MLH1 − 93G>A promoter variant allele and a strong family history of colorectal cancer, as defined by the Amsterdam criteria ( 27 , 28 ) . This association was not observed in the Newfoundland case patients, perhaps because of the small number of patients meeting the Amsterdam criteria and also being carriers of the variant A allele in this study. The MLH1 -93G>A variant allele was not associated with tumor location, histologic grade, or TNM stage among Ontario case patients, but it was associated with proximally located tumors among Newfoundland case patients.
This association was not statistically significant after Bonferroni correction for multiple comparisons. At the time of analysis, TNM stage was not available for Newfoundland case patients and so could not be analyzed in this population. Because we performed many statistical tests, some statistically signifi cant results could have occurred by chance, and so the Bonferroni correction method for multiple comparisons was applied. The major fi nding of this study -a strong association between the MLH1 -93G>A variant and MSI-H colorectal cancer tumors -was highly statistically signifi cant in two independent populations even after Bonferroni adjustment and was, therefore, unlikely to have occurred by chance.
Polymorphism frequencies often vary by ethnic background ( 41 ) . The frequency of the MLH1 -93G>A variant A allele in the Ontario general population was 21.4% and that in the Newfoundland general population was 19.3%; both values are considerably lower than those published in Asian populations -46% in the Japanese population and 50% in the Korean population ( 11 -13 ) . The differences between our white populations and those Asian populations are not surprising. Indeed, D132H, a SNP in the MLH1 gene, has been associated with colorectal cancer in an Ashkenazi Jewish population in Israel ( 42 ) . However, the D132H SNP occurs at a very low frequency in North America and was not detected in a group of patients with colorectal cancer or endometrial cancer in the United States ( 43 ) .
The MLH1 -93G>A promoter SNP has been associated with other cancers, including lung and breast cancers ( 12 -14 ) . A recent study found a statistically signifi cant association between the variant AA genotype and an increased risk for squamous cell lung carcinoma in a Korean population ( 13 ) . Another study found that the GG genotype was statistically signifi cantly associated with an increased risk of breast cancer in Korean women ( 12 ) . These differing results may refl ect differences in the tissue specifi city and diverse cellular functions of MLH1 ( 44 ) . Recently, Yu et al. ( 14 ) reported that the MLH1 -93G>A promoter SNP was associated with an increased risk of colorectal polyps and adenomas among long-term smokers in the United States ( 14 ) . The results of Yu et al. are consistent with our fi nding that this polymorphism has modifying effects in colorectal cancers.
Functional studies have shown that the MLH1 promoter region, from nucleotide position -184 to the transcription start site, in which the G to A alteration occurs, is essential for transcription of the MLH1 gene ( 11 ) . Within this region, there are two potential binding sites for transcription factors GT-IIB (GT-motif 2B) and NF-IL6 (interleukin-6 -regulated nuclear factor) ( 11 , 45 , 46 ) . The G>A alteration may, therefore, affect the transcriptional activation of MLH1. This polymorphism may alternatively be in linkage disequilibrium with another coding or intronic polymorphism and/or an MLH1 mutation that reduces MLH1 function. Because the A allele of the MLH1 -93G>A polymorphism has also been found in patients with MSS tumors, we can rule out the possibility of this polymorphism being linked to a founder MLH1 mutation in our populations.
Traditionally, several different empirically developed clinical criteria, such as the Amsterdam criteria, were used to assess an individual's risk of developing colorectal tumors in HNPCC-like families. These criteria were based primarily on family history We found that the remaining SNPs examined were not associated with colorectal cancer in either population ( Tables 3 and 4 ) , and we did not observe an association between the variant alleles and any clinicopathologic characteristics examined. The MSH2 IVS12-6T>C polymorphism was associated with MSI-H tumor status in the Ontario population of case patients but not in the Newfoundland population.
Our study has several limitations. One is the potential for selection bias. The major reason for nonparticipation in Ontario was unwillingness and/or inability to participate (only 42% were able and willing to participate). It is unlikely that this self-selection would be related to subject's genotype, unless genotype is related to advanced disease stages ( 49 ) . However, because the general clinical and pathologic characteristics of colorectal cancer of our case patient populations were similar to previously published reports ( 5 , 8 , 50 -52 ), our study was not particularly limited by this potential source of bias.
Another potential source of bias was self-report of ethnicity. In Newfoundland, 15% of study subjects (case patients and study controls) did not report ethnicity, and in Ontario, 9% of study subjects reported mixed ethnicity. To minimize the potential of population stratifi cation and to make the two populations comparable, non-whites and subjects not reporting ethnicity were excluded from subsequent analyses. Another limitation was the unavailability of some clinical data from our study subjects. Clinical and pathologic characteristics were not available for a variety of reasons (e.g., tumor material not available for MSI analysis, technical diffi culties with the MSI analyses, or death of case patients before determination of the tumor's stage or grade). However, the proportion of case patients with missing data was small and was unlikely to affect our results. Accrual of study subjects was not complete in Newfoundland at the time of the analyses because control subject accrual in Newfoundland was still ongoing, which limited our sample size and statistical power.
Our study also has numerous strengths. The large sample size gave us high precision and was less susceptible to fl uctuating results. All statistical analyses were adjusted for the main confounding variables of age and sex. In addition, we were able to address the issue of multiple comparisons by using the Bonferroni correction method. A major strength of our study is the use of two separate population-based registries (Ontario and Newfoundland) that had been accrued with similar strategies, thus providing us with confi rmation that our observations refl ect true associations and are less likely to be due to chance.
The important fi ndings in this study -the associations between the MLH1 -93G>A polymorphism and MSI status in both populations and between the MLH1 -93G>A polymorphism and a strong family history of colorectal cancer (Amsterdam criteria) among Ontario case patients -indicate that low-penetrance alleles of mismatch repair genes may be associated with the risk of colorectal cancer. Because as many as 25-30% of all patients with colorectal cancer exhibit familial aggregation without Mendelian patterns of inheritance ( 53 , 54 ) , it would be informative to determine whether MLH1 -93G>A is associated with family risk defi ned by use of less stringent criteria than Amsterdam I or II.
Most MSI-H colorectal cancer tumors are sporadic, in which methylation of the MLH1 promoter results in mismatch repairdefi cient tumors ( 55 ) . Results from this study indicate that the MLH1 -93G>A promoter polymorphism may act as a modifi er allele of colorectal cancer that contributes to susceptibility of MSI-H tumors; however, the mechanism by which subtle alterations of mismatch repair genes contribute to the MSI-H phenotype remains unknown. A possible mechanism through which the MLH1 -93G>A polymorphism could affect gene transcription is by altering the promoter's sensitivity to methylation. The MLH1 promoter is hypermethylated in 15% -20% of sporadic colorectal cancers ( 56 , 57 ) . The MLH1 -93G>A promoter polymorphism is located in a CpG island, adjacent to CpG sites that are able to undergo methylation ( 58 ) . The MLH1 promoter is bidirectional and is used not only by MLH1 but also by another gene, EPM2AIP1, which is located approximately 321 base pairs upstream and has been implicated in myoclonus epilepsy ( 59 , 60 ) . Because the MLH1 -93G>A polymorphism occurs in the core promoter region of both genes, it may have a preferential effect on the directionality of gene transcription. The effect of promoter polymorphisms on gene transcription has been illustrated with the progesterone receptor gene in endometrial cancers; in this cancer, the promoter of the progesterone receptor has a SNP that selectively transcribes one gene isoform over another ( 61 ) . In addition to mismatch repair, MLH1 plays a role in the control of the G 2 -M cell cycle checkpoint ( 62 ) . Reductions in the cellular levels of MLH1 tend to have a greater impact on its role in cell cycle control than on DNA mismatch repair ( 62 ) . Decreased levels of MLH1 expression associated with the MLH1 -93G>A polymorphism may lead to impaired cell cycle control, allowing cells to proceed with cell division before proper DNA repair can be accomplished. This impaired control would overwhelm the mismatch repair mechanism, leading to the accumulation of mutations and subsequent MSI. Different alterations in mismatch repair genes may have various effects on phenotype, depending on their location within the coding region or regulatory domain of the gene, and on the amino acid or nucleotide change that results. Individual missense alterations that commonly occur in mismatch repair genes and other cancer susceptibility genes may not be pathogenic and severe enough to cause colorectal cancer, but they may affect the level of protein (through mRNA levels or rates of translation) required by the specifi c cell type to perform normal function ( 63 ) . Such may be the case with the MLH1 -93G>A promoter polymorphism, which we found to be associated with an increased susceptibility to MSI-H colorectal cancers. Additional characterization of these changes and the cumulative effects that these alterations have on disease risk may lead to new insights into the contribution of low-penetrance alleles to cancer incidence and disease progression.
